Abstract Double-labeling immunocytochemical techniques and confocal microscopy were used to quantify possible differences in the degree of colocalization of glutamate ionotropic receptor subunits between nonspiking and spiking neocortex removed from temporal lobe epileptic patients. Spiking neocortex was characterized by laminar-specific changes in the number of cells immunoreactive for NMDAR1, GluR2/3 and GluR5/6/7 subunits, as well as the percentage of cells which colocalized various combinations of these receptors. These changes may lead to profound modifications in the functioning of excitatory synaptic circuits in spiking cortex.
Introduction
Anatomical, physiological and pathological substrates underlying spiking activity in epileptic cortex remain unclear. Present results are conflicting, with different studies reporting opposing results in some cases (Geddes et al. 1990; Hosford et al. 1991; DeFelipe et al. 1994; García-Ladona et al. 1994; Grigorenko et al. 1997; Alarcon et al. 1997; Brines et al. 1997; Mathern et al. 1998a Mathern et al. , 1998b DeFelipe 1999; Telfeian et al. 1999; Zilles et al. 1999) . However, it is generally agreed that alterations in excitatory synaptic transmission may be crucial in the generation of epileptiform discharges (Avanzini et al. 1992; McNamara 1993; Chapman 1998) . As the vast majority of cortical excitatory synapses use glutamate as the neurotransmitter, which interacts with a variety of postsynaptic glutamate receptors (GluR) Hicks and Conti 1996; Conti and Weinberg 1999) , they are likely to be involved in the initiation, propagation and maintenance of epileptic activity. In a recent study (González-Albo and DeFelipe 2000), we found that multiple subpopulations of neurons can be identified in the human temporal neocortex according to colocalization of different α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate and N-methyl-D-aspartic acid (NMDA) receptor subunits, revealing previously unknown subpopulations of neurons. In the present study, we employed double-labeling immunocytochemical techniques to quantify possible differences in the degree of colocalization of AMPA (GluR2/3 and GluR2/4), kainate (GluR5/6/7) and NMDA (NMDAR1) receptor subunits between non-spiking and spiking human neocortex.
Materials and methods

Patients
Human cortical tissue was obtained postoperatively from six male patients (H39, H57, H59, H76, H85 and H87) (age range 25-34 years, mean 28.3 years) with drug-resistant temporal lobe epilepsy (partial complex with secondary generalized tonic-clonic seizures). Tissue specimens were taken from biopsies collected for neuropathological assessment. Informed consent was obtained from all patients prior to surgery. All portions of neocortex used were from the right anterolateral middle temporal gyrus (Brodmann's area 21). In all patients, ictal and interictal abnormalities were localized to the right temporal lobe, as determined by video-EEG monitoring of bilateral foramen ovale electrodes. Neuropsychological examinations indicated that the patients were normal. Magnetic resonance imaging (MRI) of the brains showed no gross abnormalities in any of the patients. Neocortical tissue from patients H39, H57 and H59 was used in a previous study (González-Albo and DeFelipe 2000) , and was considered to be normal on the basis of electrophysiological (non-spiking) and histopathological examination. Neocortical tissue from patients H76, H85 and H87 showed strong spiking activity, and was considered to be epileptogenic (see below).
Surgery and tissue preparation
Neocortex was classified and marked as spiking or non-spiking by subdural recordings with a 20-electrode grid (lateral neocortex) and a 4-electrode strip (uncus and parahippocampal gyrus) at the time of surgery. Electrocorticographical recordings were performed at least 2 or 3 times during surgery for approximately 5-10 min each. Surgical treatment required an anterior temporal cortical resection including the amygdala and the anterior portion of the hippocampus (1-3 cm) and adjacent cortex. Patient H76, however, was treated by a cortical resection, leaving intact the mesial temporal lobe structures.
The resected brain tissue was immersed in a cold solution of paraformaldehyde (4% in 0.1 M phosphate buffer). The tissue was then cut into small blocks and postfixed in the same fixative for 30 h at 4°C. Some blocks were used for neuropathological assessment and were analyzed separately, using standard histopathological techniques. The remaining blocks were cryoprotected and stored at -20°C. Sections were cut at 100 µm with a Vibratome. Sections from non-spiking and spiking neocortex were then batch processed for double immunocytochemical staining.
Immunocytochemical staining
The immunocytochemical procedures used here have been described in detail previously (González-Albo and DeFelipe 2000). Briefly, sections were incubated for 24 h in one of the following primary polyclonal (rabbit) and one monoclonal (mouse) antibodies (Chemicon, CA): rabbit anti-GluR2/3 (1:100); mouse anti-GluR2/4 (1:200); mouse anti-GluR5/6/7 (1:100); and rabbit anti-NMDAR1 (1:200). Sections were then processed in parallel for combinations of antibodies to: NMDAR1 and GluR2/4; NMDAR1 and GluR5/6/7; GluR2/3 and GluR2/4; and GluR2/3 and GluR5/6/7 for 48 h. Sections were washed and incubated in a solution containing biotinylated goat anti-rabbit IgG (Vector Laboratories, CA), diluted 1:200. Sections were then incubated in a mixture of Cy5-conjugated Fig. 1 Examples of intraoperative electrocorticographic recordings in the lateral neocortex and mesial temporal structures from (A) non-spiking and (B) spiking neocortex goat anti-mouse IgG (diluted 1:200) and Cy2-conjugated streptavidin (diluted 1:1000) (Amersham Life Science, IL). Thereafter, the sections were mounted and examined with a Leica TCS 4D confocal laser scanning workstation equipped with an argon/krypton mixed gas laser and a Leitz DMIRB fluorescence microscope. Excitation peaks at 489 nm and 649 nm were used to visualize Cy2-and Cy5-labeled profiles, respectively. Fluorescently labeled Cy2 and Cy5 profiles were recorded through separate channels.
Quantitative analysis
To examine possible differences in the percentage of doublelabeled cells in different cortical layers, cells in layers II-III were analyzed and compared with those in layer VI. A total of 22 quadrants of 250×250 µm (×40 objective) were sampled for each case (11 in layers II-III and 11 in layer VI). Thus, for each doublelabeling combination, and individual case, a total area of 1.375×10 6 µm 2 was analyzed (0.6875×10 6 µm 2 in layers II-III and 0.6875×10 6 µm 2 in layer VI). Every immunostained somata at a single 0.7 µm focal depth in the superficial portion of the section, to which both antibodies had penetrated, was captured with Micrografix Picture Publisher (Micrografix, TX). Comparison of the density of labeled cells was analyzed using an unpaired Student's t-test. The percentages of cells that colocalized different receptor subunits were compared, between cortical layers, by hypothesis testing. A binomial model for the colocalization of a given receptor subunit with any other subunit type was assumed.
Results
Intraoperative electrocorticography indicated that in patients H39, H57 and H59 spiking activity was localized in mesial structures (the lateral neocortex did not show significant electrophysiological abnormalities), whereas in patients H76, H85 and H87 intense spiking activity was found in the lateral neocortex (Fig. 1) . Thus, the neocortex from patients H39, H57 and H59 was classified as non-spiking, while that from patients H76, H85 and H87 was considered to be spiking.
As previously described (González-Albo and DeFelipe 2000), immunocytochemistry for AMPA, kainate and NMDA receptor subunits revealed numerous pyramidal and non-pyramidal neurons. Double-and single-labeled neurons were clearly identified (Fig. 2) in both non-spiking and spiking cortex. Several hundred neurons immunoreactive for each GluR subunit were examined in layers II/III and VI (Table 1) to determine the percentage of colocalization between the different combinations of receptor subunits. In general, the density of GluR-immunoreactive neurons in spiking cortex was higher than that in non-spiking cortex (Table 1) . Statistical analyses only revealed a significant (P<0.01) increase in the number of cells immunoreactive for the NMDAR1 subunit in layers II/III of the spiking cortex. Significant increases were also found in the number of cells labeled for NMDAR1 and GluR2/3 subunits in layer VI. There was a significant decrease in the number of cells labeled for GluR5/6/7 in layer VI of the spiking cortex. Double-labeling experiments revealed that the degree of colocalization of NMDAR1 with GluR5/6/7 increased significantly in layers II-III in the spiking cortex. On the contrary, the degree of colocalization of NMDAR1 with GluR2/4 decreased. In layer VI of spiking cortex, there was a significant decrease in the degree of colocalization of NMDAR1 with GluR2/4, NMDAR1 with GluR5/6/7, GluR2/3 with GluR2/4, and GluR2/3 with GluR5/6/7. No significant difference was found in the degree of colocalization of other subunits. Therefore, a variety of selective up and down changes in the expression, and degree of colocalization, of GluR subunits occurred in different layers of the spiking neocortex.
Discussion
In the present study we found that spiking neocortex was characterized by laminar-specific changes in the density of immunoreactive neurons and percentage of colocalization between certain receptor subunits. Previous studies have reported conflicting changes in GluR subunits in human epileptic cortex (Geddes et al. 1990; Hosford et al. 1991; DeFelipe et al. 1994; García-Ladona et al. 1994; Grigorenko et al. 1997; Brines et al. 1997; Mathern et al. 1998a Mathern et al. , 1998b Zilles et al. 1999) . These discrepancies may be for a number of different reasons, including: variability in the clinical characteristics, electrophysiological abnormalities (e.g., Manford et al. 1996; O'Brien et al. 1996; Mayanagi et al. 1996; Alarcon et al. 1997; GilNagel and Risinger 1997; Guerreiro et al. 1999; Lee et al. 1999) and pathology (e.g., Margerison and Corsellis 1966; Falconer 1974; Meldrum and Bruton 1992; Babb and Pretorious 1993; Armstrong 1993; Chevassus-au-Louis et al. 1999) . Moreover, previous comparisons were made between different regions of the temporal lobe, which, in monkeys, have been shown to differ in their anatomical and neurochemical characteristics (e.g., Lewis et al. 1981; Nelson et al. 1987; Hof and Morrison 1995; Fujita and Fujita 1996; Elston et al. 1999; Kondo et al. 1999 ). In addition, previous studies compared data sampled from different age groups. Thus, for these reasons, there is still not a clear relationship between possible alterations in GluR subunit expression and epileptic activity. In the present study a comparison was made between individual cases that were characterized by either non-spiking or spiking activity in the neocortex. Tissue was sampled from the same hemisphere, and cortical area, in sex-and age-matched patients. Thus, the changes found in the degree of colocalization for certain subunits in the spiking neocortex are likely related to the epileptogenicity of the neocortex, rather than for methodological reasons. Several lines of evidence suggest that the changes observed in the expression of GluR subunits in the present study may have been induced by, rather than being the cause of, epileptiform activity. For example, the turnover of postsynaptic AMPA receptors is modulated in an activity-dependent manner (for review see Turrigiano 2000) . Furthermore, mRNA levels and protein expression for several NMDA-, AMPA-and kainate-receptor subunits have been shown to be up-or downregulated in models of epilepsy (Gerfin-Moser et al. 1995; Ong et al. 1996; Jensen et al. 1997) . Thus, it is likely that the selective changes found here resulted from hyperactivity, although we cannot rule out the possibility that the changes reported here were the cause of epileptic activity.
Glutamatergic synapses constitute the majority of excitatory synapses in the cerebral cortex, and the interaction of glutamate with ionotropic GluR plays a fundamental role in normal excitatory synaptic activity (for reviews see Huntley et al. 1994; Hicks and Conti 1996; Conti and Weinberg 1999; Meldrum 2000) . Since different combinations of GluR subunits confer distinct functional properties on the receptors (Nakanishi 1992; Sommer and Seeburg 1992; Monyer et al. 1992; Seeburg 1993; Hollmann and Heinemann 1994; Bettler and Mulle 1995) , changes in the expression of GluR subunits found in the epileptogenic cortex may lead to profound modifications in the functioning of synaptic circuits. Moreover, pyramidal cells in different layers project to different cortical and subcortical sites (reviewed in Jones 1984; Rockland 1997) . Therefore, the lamina-specific changes observed in the degree of colocalization of GluR subunits in the spiking cortex may affect differentially particular populations of projection-specific cells and their targets.
